INTRODUCTION
The yeast Saccharomyes cerevisae uses glucose as its preferred carbon and energy source. Glucose not only represses the expression of genes that are required for the metabolism of alternate sugars, but also induces the transcription of genes that are essential for its own efficient utilization (1) (2) (3) . Among the genes that are induced by glucose are the members of the HXT gene family, which encode glucose transporters.
Glucose induces the expression of the HXT1 through HXT4 genes by 10-to 300-fold (4, 5) .
Several components of the glucose induction pathway required for HXT gene expression have been identified, including the glucose sensors Snf3 and Rgt2, that are responsible for sensing extracellular glucose and generating the intracellular signal (6, 7) . A strain mutated for both sensors (snf3 rgt2 double mutant) is completely defective in glucose induction of the HXT gene expression. Another component that is absolutely essential for glucose induction of the HXT gene expression is the ubiquitin ligase Grr1 (5, 8) . Two homologues proteins, Std1 and Mth1 have been shown to negatively regulate HXT gene expression and to interact with the carboxyl-terminal tails of the Snf3 and Rgt2 sensors (9) (10) (11) . Repression of HXT gene expression in the absence of glucose is abolished in a std1 mth1 double mutant (9, 11) .
The target of the glucose induction signal is the Cys 6 DNA binding protein Rgt1, which belongs to the family of the Gal4 transcription factors (12) . In the absence of glucose, Rgt1 represses HXT gene expression while at high concentrations of glucose, Rgt1 is required for maximal activation of HXT1 gene expression. Repression of transcription by Rgt1 in the absence of glucose requires the general repressor complex, Ssn6 and Tup1.
Activation of transcription by Rgt1 in response to high concentrations of glucose requires the glucose sensors Snf3 and Rgt2 and the ubiquitin ligase Grr1 (12) .
It was previously shown that Rgt1 is required for both, repression and activation of HXT1 gene expression and binds to the HXT1 promoter in vitro by gel-shift assays (12) . We report that the requirement of Rgt1 for activation of HXT1 gene expression in response to high concentrations of glucose is mediated by an indirect mechanism, since Rgt1 is unable to bind to the HXT1 gene promoter in vivo when high levels of glucose are present. Previous data indicated that the transcription of Rgt1 is not regulated by glucose, suggesting the idea that the transcriptional activity of Rgt1 is regulated posttranslationally (12) . We demonstrate that Rgt1 is hyper-phosphorylated in response to high concentrations of glucose and the lack of Rgt1 phosphorylation abolishes its ability to activate transcription. Immunofluorescence microscopy was carried out using a Laser Scanning Confocal Microscope (Leica).
Chromatin Immunoprecipitation (ChIP) assay and semi-quantitative PCR -Chromatin isolation was performed as previously published (17). 100ml cultures of yeast cells grown to OD 600 of 0.6 to 0.8 were cross-linked with formaldehyde (1% final concentration). After lysis of the cells, the nuclear extracts were sonicated with glass beads (0.1g) for five 10 second pulses at 60% power using a Tekmar Sonic Disruptor.
The samples were pre-cleared with 20µl of blocked Pansorbin Staph A cells (Calbiochem). After 4-fold dilution of the samples in IP buffer (1% Triton X-100, 2mM
EDTA, 20mM Tris-HCl pH 8.0, 150mM NaCl) and incubation with 2µg of HA antibodies or rabbit IgG (Sigma) overnight at 4°C, the immuno-complexes were recovered by incubation with blocked Staph A cells. After rinsing the samples twice in wash buffer (2mM EDTA, 50mM Tris-Cl pH 8.0, and 0.2% Sarkosyl) and four times with IP wash buffer (1% NP-40, 100mM Tris-HCl pH 8.0, 500mM LiCl, and 1% deoxycholic acid), the immuno-complexes were eluted twice from the Staph A cells (with 150µl 1% SDS in 50mM NaHCO 3 ). The cross-links were reversed by adding 20µl 5M NaCl and 1µL of 10mg/mL RNase A and by incubating at 65°C for 8h. After treating with 1.5µL proteinase K (10µg/µl) the samples were extracted with phenol/chloroform and subsequently ethanol-precipitated using 20µg glycogen as a carrier. Table I . A detailed PCR protocol is available upon request.
Western blotting -Yeast cell extracts from 2 to 10ml cultures were obtained using glass β-Galactosidase assays -β-Galactosidase activity assays were performed with permeabilized yeast cells grown to mid-log phase as described previously (18). The mean activities are given in Miller units and are the averages of three to four assays of at least four independent yeast transformants. and visualized by indirect immunoflourescence using confocal microscopy. The cells were stained for Rgt1-HA using the HA antibody in combination with Rhodaminecoupled secondary antibodies and for acetylated histones (nuclear marker) using antiacetyl histone H3 and FITC-coupled secondary antibodies (Fig. 1) . Under all carbon source conditions, Rgt1 was localized to the nucleus (Fig. 1, left panel) , indicating that 
RESULTS

The subcellular localization of Rgt1 is not regulated by glucose
Rgt1 is modified by phosphorylation in response to high concentrations of glucose-
Since the expression level of Rgt1 in cells grown on glycerol or glucose appears to be similar (12), we investigated whether Rgt1 undergoes a post-translational modification in response to glucose. For this purpose, we prepared extracts from the rgt1 deletion strain containing the LexA-RGT1 construct grown in the presence or absence of glucose. The obtained extracts were analyzed by Western blot using a monoclonal lexA antibody. As shown in Fig. 4A , Rgt1 from glucose-grown cells displayed a slight shift in molecular weight, resulting in decreased mobility, when compared to Rgt1 from glycerol-grown within five minutes of shifting from glycerol to 4% glucose medium (Fig. 4B ).
Furthermore we did not see any significant changes in Rgt1 protein levels in cells grown on glycerol versus glucose, indicating that the stability of Rgt1 is not changed in response to glucose.
To test whether the observed shift in Rgt1 mobility in response to glucose is due to phosphorylation, extracts from glucose-grown cells containing lexA-Rgt1 were incubated with or without λ phosphatase. Western blot analysis of these samples with the lexA antibody demonstrated that the observed shift in Rgt1 mobility in response to glucose was abolished after treatment with λ phosphatase (Fig. 4C ). This indicates that Rgt1 undergoes hyper-phosphorylation in response to glucose.
The Rgt1 region spanning the amino acids 75 to 395 is required for transcriptional activity and for modification by phosphorylation in response to glucose -To identify the domain(s) in Rgt1 that regulates its transcriptional activity in response to glucose, we generated a series of amino-and carboxyl-terminal deletions. These deletions were fused in frame to the lexA DNA binding domain and transformed into the rgt1 deletion strain together with a CYC1-lacZ reporter that contains the UAS of CYC1 and four lexA operator sites upstream of it. Since most of the deletion constructs did not display any transcriptional activity, only two out of the eleven deletion constructs tested are shown in fused to lexA causes a 6-fold repression of β-galactosidase expression when glucose is absent and an 8-fold activation in the presence of glucose, compared to the control (lexA alone) (Fig. 5A, compare line 1 and 2, (12) ). As demonstrated before, deletion of the DNA binding domain of Rgt1 (the first 75 amino acids) has no effect on its transcriptional activity, indicating that the DNA binding domain of Rgt1 is not required for regulation of its transcriptional activity in response to glucose (Fig. 5A, ∆1, line 3) .
Deletion of the first 395 amino acids of Rgt1 (∆2), abolishes both the repressor and activator functions of Rgt1 (Fig. 5A, line 4) . This indicates that the amino acids between 75 and 395 are essential for Rgt1 repressor as well as activator function.
In order to address the question whether the region of Rgt1 spanning the amino acids 75 to 395, important for Rgt1 transcriptional activity, is also required for Rgt1 modification we analyzed the modification of these constructs by western blots with lexA antibodies.
As shown in Fig.5B , the ∆1 construct, lacking the first 75 amino acids still displays the shift in molecular weight, however ∆2, which lacks the first 395 amino acids does not change its molecular weight in response to glucose. The same construct (∆2) that is defective in both repression and activation by Rgt1 also lacks the modification. Both of the constructs ∆1 and ∆2 were localized in the nucleus (data not shown). function of Rgt1 (12) . In a grr1 mutant, Rgt1 always functions a repressor independent of glucose. The Snf3 and Rgt2 glucose sensors are also required for the conversion of Rgt1 from a repressor to an activator (12, 22) . To analyze the modification of Rgt1 in response to glucose in the grr1 and snf3 rgt2 double mutants, the corresponding mutants were transformed with the lexA-RGT1 construct and the obtained transformants were grown in the absence or presence of high concentrations of glucose. The modification of the lexA-Rgt1 fusion protein in these mutants was analyzed by western blotting using the lexA antibody. Interestingly, both the grr1 and the snf3 rgt2 double mutant lack the modification that is normally observed with Rgt1 from wild type cells grown on glucose (Fig. 6 ). This indicates that the observed modification of Rgt1 is required to relieve repression by Rgt1 in response to the presence of high concentrations of glucose. (Fig. 7) and conversion of Rgt1 from a transcriptional repressor to an activator via unmasking of a specific activation domain.
Based on several lines of evidence, we propose that Rgt1 functions as a transcriptional repressor of the HXT genes in the absence of glucose, in a complex with the Ssn6-Tup1 and Mth1-Std1 repressor proteins (Fig. 7, 12, 25 ). When glucose is abundant, Rgt1 becomes hyper-phosphorylated and dissociates from the repressor complex. Hyperphosphorylation also converts Rgt1 from a transcriptional repressor to an activator (Fig.   7 ). Consistent with this idea, deletion of the region from amino acid 75 to 395 abolishes both the ability of Rgt1 to activate transcription and to become hyper-phosphorylated.
Furthermore, the grr1 and snf3 rgt2 mutant strains, where Rgt1 functions always as a transcriptional repressor independent of glucose, lack the glucose-induced modification of Rgt1. The presented data also suggest that Rgt1 is not directly involved in the activation of the HXT1 gene expression but rather stimulates the expression of a by guest on October 5, 2017 http://www.jbc.org/ Downloaded from transcription factor that is required for maximal expression of the HXT1 gene when glucose is abundant (Fig. 7) .
The region of Rgt1 required for its glucose-mediated phosphorylation (amino acids 75 to 395) has several potential phosphorylation sites. Our preliminary data indicate that nuclear localization of Rgt1 is required for the glucose-induced modification suggesting the idea that the kinase(s) that phosphorylate Rgt1 in response to glucose is nuclear. We are currently testing if any of the known nuclear kinases are involved in phosphorylation of Rgt1. Experiments are under way, to test if the observed changes in histone acetylation at the HXT gene promoters are mediated by Rgt1. In addition, being an activator itself, Ume6 also induces the expression of another transcription factor Ndt80 that activates middle genes (35). Similar to Ume6, Rgt1 is also likely to stimulate the expression of a transcriptional activator that is required for maximal expression of the HXT1 gene, in response to high concentrations of glucose (Fig. 7) .
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FIGURE LEGENDS
FIG. 1. Rgt1 is always localized to the nucleus independent of carbon source. Yeast cells were grown overnight on 5% glycerol and then transferred to 5% glycerol, 0.1% glucose and 4% glucose and incubated for two hours. Rgt1-HA and acetylated histone H3 were visualized by confocal microscopy, using HA and acetyl histone H3 antibodies in combination with Rhodamine-and FITC-coupled secondary antibodies, respectively.
Acetyl histone H3 was used a marker to detect nuclear localization. The rgt1 strain without the Rgt1-HA construct was used as a negative control for staining with HA antibodies.
FIG. 2. Rgt1 binds to the HXT2 and HXT3 gene promoter regions in vivo, only when
glucose is absent. The rgt1 mutant containing the RGT1-HA construct was grown overnight on 5% glycerol and then transferred to 5% glycerol, 0.1% glucose and 4% glucose and incubated for two hours. The cells were subjected to ChIP assay analysis using HA antibodies. Rgt1 binding under various conditions was analyzed by PCR using primers to amplify the H X T 2 and H X T 3 promoter regions with total input or immunoprecipitated DNA as template. The PCR products were separated on 8% nondenaturing PAGE gels and stained with ethidium bromide. Input DNA was used as template to determine whether equal amounts of total DNA were used in each immunoprecipitation experiment. 
